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Introduction
Over the past three decades, significant efforts have been devoted to develop efficient, nontoxic, drug delivery systems (DDSs) that offer selective translocation and controlled release of the cell impermeable molecular cargoes, such as drugs, proteins, antibodies, genes, and dyes, into the cell cytoplasm to perform their biological activity inside the targeted tissue. Cell-penetrating peptides (CPPs), nanoparticles, and polysaccharides including hyaluronic acid, dextran, water soluble cellulose derivatives, and chitosan derivatives have been used as tools for developing drug delivery systems [1] [2] [3] [4] [5] .
Chitosan is a cationic polysaccharide composed of randomly distributed β-(1-4)-linked Dglucosamine and N-acetylated-D-glucosamine units. Chitosan and its derivatives are attractive biopolymers due to their biodegradability, low immunogenicity, and biocompatibility, which give them their favorable physicochemical and pharmacokinetic properties [6] . The primary amino groups (NH2) on the C-2 position of chitosan D-glucosamine building block creates the positive charge on the chitosan surface that facilitates the intracellular translocation of its payload into the cells [7] . The ability of chitosan to pass through the cell membranes is due to the interaction of its protonated amino groups with the cell membrane phospholipids, which results in a reversible structural change and the opening of tide junction [8] . Moreover, the cationic nature of chitosan and its derivatives has inspired the investigators to use them as promising non-viral gene vectors because of their less cytotoxicity, immunogenicity and mutagenesis response in comparison with the viral vectors and polyarginine or polyethylene imine (PEI) and their ability in the formation of a stable complex with DNA and siRNA [9] [10] [11] [12] .
Since the utilization of chitosan is hindered by its poor solubility, chemical modification of chitosan is required to modulate its physicochemical and pharmacological properties [13] . These new derivatives increase the stability of the drug or gene/carrier complex, and the polymer ability in protecting its cargo from in vivo serum lytic enzymes, and lysosomal digestion inside the cells [14] .
Since the tumor microenvironment such as pH, degree of vasculature, hypoxia, metabolites, receptors upregulation, has been utilized to achieve targeting for diagnosis, or treatment purpose [15] [16] [17] .
Therefore, attaching a tumor targeting moiety to chitosan [18] such as folic acid [19] , galactose [20] , or homing peptides [21, 23] acted to direct the carrier system selectively to the site of action (organ or tissue). Tumors originated from epithelial cells overexpress heterodimeric glycoproteins consisting of α and β subunits, which combine to form various types of integrin receptors found in the extracellular matrix. These receptor proteins have high binding affinity for the ligands containing RGD peptide motifs [24] [25] [26] . RGD-based chitosan delivery systems have been widely used in bone tissue engineering and articular cartilage regeneration by enhancing the cell adhesion, growth, and differentiation. However, the use of integrin-targeting chitosan system as drugs and gene delivery to different tumor tissues is limited and still needs further exploration [27] [28] [29] [30] .
Herein, we report the synthesis of GGRDSK motif as integrin targeting RGD peptide and its immobilization on the surface of water-soluble chitosan oligosaccharide (COS) via a facile strategy using (sulfo-SMCC) cross-linking spacer. The efficiency of chitosan-RGD as a molecular transporter and the cellular uptake mechanistic study were evaluated on a panel of endothelial cancer cell lines including; leukemia (CCRF-CEM), ovarian (SK-OV-3), and prostate (DU-145) cancer cell lines as preliminary in vitro study models.
Materials and methods

Materials
All required organic solvents were purchased from Wilkem Scientific (Pawtucket, RI, USA).
Coupling reagents, Rink amide MBHA resin, and Fmoc-amino acid building blocks were purchased from Chem-Impex International Inc. (Wood Dale, IL, USA). Chitosan oligosaccharide and other reagents and chemicals were purchased from Sigma-Aldrich Chemical Co. (Milwaukee, WI, USA).
Synthesis of linear peptide HS-(CH2)2CONH-GGRGDSK-CONH2
In general, the peptide was synthesized by the solid-phase synthesis strategy employing N-(9fluorenyl)methoxycarbonyl (Fmoc)-based chemistry and Fmoc-L-amino acid building blocks. The sequence of the linear peptide of the sequence (thiopropionyl-GGRGDSK) was synthesized using Tribute automated peptide synthesizer (Protein Technology, Inc., Arizona). 2-(1Hbenzotriazole-1yl)-1,1,3,3-tetramethyluronium hexafluoro-phosphate (HBTU) and 0.4 M N-methyl morpholine (NMM) in N,N-dimethylformamide (DMF) were used as coupling and activating reagents, respectively. Fmoc deprotection at each step was carried out using piperidine in DMF (20% v/v). The linear peptide carrying protected side chains was assembled on the Rink amide MBHA resin (loading 0.52 mmol/g) in 0.40 mmol scale. Then, the resin was washed with DMF (2 times, 10 min each) and DCM (3 times, 10 min each). After the peptide synthesis was completed the resin was washed with DMF (3 times, 10 min each) and dichloromethane (DCM, 3 times, 10 min each). The peptide was cleaved from the resin, and the side chain protecting groups were removed using the final cleavage cocktail (20 mL); reagent "R" containing (TFA/ thioanisole/ EDT/ anisole (90:5:3:2 v/v/v/v) by shaking the mixture at room temperature for 6 h. The crude peptide was precipitated by adding cold diethyl ether (Et2O, 50 mL × 2 times) and centrifuged for 10 minutes, then the precipitate was collected, dissolved in a mixture of water/ acetonitrile, and purified by reversed-phase Hitachi HPLC (L-2455) equipped with a Waters XBridge TM BEH130 Prep C18 column with OBD TM 10 μm (19 mm x 250 mm) reversed-phase column. The purified peptide was lyophilized into powder for assay. High-resolution matrix-assisted laser desorption−ionization time-of-flight (MALDI-TOF/TOF) mass spectrometer (ABX SCIEX TOF/TOF) was used to confirm the structure of the final peptide. MALDI was added dropwise under stirring at room temperature with magnetic stirring for 24 h. The resulted COS-SMCC was purified using dialysis tube (MWCO 1000 Da) against distilled water for 3 days to remove the unreacted (Sulfo-SMCC) and any byproducts with continuous changing the milliQ-water 3 times/day and then freeze-dried affording product as a powder.
Conjugation of GGRGDSK to COS-SMCC
The COS-SMCC polymer (100 mg) was dissolved in (10 mL) of phosphate buffered solution at pH 6.5 and stirred for 30 min. Then, the linear peptide GGRGDSK (15.2 mg, 0.020 mmol) or GGRGDSK(F') (22.4 mg, 0.020 mmol) was dissolved in buffer solution and added dropwise to COS-SMCC polymer solution over 30 min. Then the reaction was continued under stirring at room temperature in dark for additional 48 h. The resulting CS-SMCC-peptide conjugates were purified using a dialysis membrane (MWCO 1000 Da) for three days against milliQ-water (3 times/ day).
Then, the solution of each copolymer conjugate was freeze-dried to obtain the powder of COS-SMCC-GGRGDSK or COS-SMCC-GGRGDSK(F').
6. FT-IR
FT-IR spectra for COS, COS-SMCC, and COS-SMCC-GGRGDSK were obtained with (Alpha FT-IR Spectrometer/Platinum ATR from Bruker as described in results and discussion section.
1 H-NMR & 13 C-NMR
1 H NMR and 13 C NMR spectra of the polymers were recorded on a Bruker Avance III HDTM 400 NMR spectrometer in D2O. Chemical shifts are shown in parts per million (ppm) as described in results and discussion section.
SEM
The samples of COS, COS-SMCC and COS-SMCC-GGRGDSK were sprinkled onto an aluminum stub that was covered with copper tape. Samples were imaged with a SEM Phillips XL-30 scanning electron microscope (SEM).
Preparation of nanoparticles and drug loading
The formulation of chitosan nanoparticles was achieved according to the previously reported method [31] with some modifications. In general, COS (3 mg) or COS-SMCC-GGRGDSK (3 mg) were dissolved in (1 mL) of Millipore double distilled water, and the pH was then adjusted to 5.4 by adding a few drops of acetic acid to the solution then the nanoparticles formed spontaneously upon addition of (1 mL) of an aqueous solution of sodium tripolyphosphate (TPP, 1, 1.5, and 2 mg/mL) and magnetic stirring for 15 min at room temperature. For loading of 2-
, cytotoxic agents (0.19 mg, 0.5 mmol), they were dissolved in 1 mL of 10% DMSO in water and mixed with the polymer solution by magnetic stirring until a homogenous clear solution was observed. Then, TPP solution (1.5 mg / 1 mL in double distilled H2O) was added dropwise to the polymer/drug solution where the solution turned to be turbid due to the aggregation of the molecules into nanoparticles (NPs). The NPs were collected and purified by centrifugation at 4500 rpm for 30 min. Supernatants which contains the unloaded drug were collected and freeze dried. Where, Winitial, and Wfree are the initial weight of the drug(total amount), and the weight of free drug determined in the supernatant after centrifugation and lyophilization respectively (unloaded).
Each sample was determined in duplicate.
Determination of particles size and zeta potential
The pellets were resuspended in phosphate buffered saline. The size and zeta potential of blank NPs and drug-loaded NPs were measured by dynamic light scattering (DLS) using Zetasizer (3000HS; Malvern Instruments Ltd, Worcestershire, UK). were obtained from American Type Culture Collection. CCRF-CEM cells were grown on 75 cm 2 cell culture flasks with Roswell Park Memorial Institute (RPMI)-16 medium. Eagle's minimum essential medium (EMEM) was used for SK-OV-3 and DU-145 cells, supplemented with 10% fetal bovine serum (FBS), and 1% penicillin−streptomycin solution (10,000 units of penicillin and 10 mg of streptomycin in 0.9% NaCl) in a humidified atmosphere of 5% CO2, 95% air at 37 °C. All bioassays were performed in triplicate.
Cytotoxicity of COS-SMCC-GGRGDSK
CCRF-CEM (30, 000) cells were seeded in 0.1 mL per well in 96-well plates for 24 h at 37 o C before the experiment. The cells were treated with different concentrations (0.5, 1.0, and 2.0 mg/mL) of COS-SMCC-GGRGDSK, in serum-containing medium and incubated for 24 h at 37 °C in a humidified atmosphere of 5% CO2. Cell viability was then determined by measuring the fluorescence intensity at 490 nm using a SpectraMax M2 microplate spectrophotometer. The percentage of cell survival was calculated as [(OD value of cells treated with the tested polymer) − (OD value of culture medium)]/[(OD value of control cells) − (OD value of culture medium)] × 100%.
Cellular uptake study of COS-SMCC-GGRGDSK(F') (COS-SMCC conjugated to the GGRGDSK(F`) peptide)
CCRF-CEM and SK-OV-3 cells were grown on coverslips in 6-well plates with complete EMEM media for overnight prior to the experiment. Then the medium was removed and washed with opti-MEM. A stock solution of COS-SMCC-GGRGDSK(F') (1mg/mL in H2O) was added to the wells. After 3h incubation at 37 o C, the media were removed. The cells were digested with 0.25% trypsin/0.53 mM EDTA for 5 min to detach from the plate. The cells were collected and centrifuged at 2500 rpm for 5 min. Then, they were washed with PBS (without calcium and magnesium) twice.
Finally, the cells were re-suspended in flow cytometry buffer and analyzed by flow cytometry (BD FACS Calibur) using FITC channel, and CellQuest software. The data presented are based on the mean fluorescence signal for 10,000 cells collected. All assays were carried out in triplicate, and 5(6)carboxyfluorescein (FAM) at (5 μM) was used as a negative control.
Cellular uptake of fluorescein labeled phosphopeptide F′-G(pY)EEI
The cellular uptake assays were performed via fluorescence activated cell sorting (FACS) analysis in CCRF-CEM. F′-G(pY)EEI was added to the well plates in a 5 µM concentration, and COS-SMCC-GGRGDSK, were added to the well plates at a concentration of 1.0 mg/mL. The cells were incubated at 37 o C with 5% carbon dioxide for 3 h. 0.25% of trypsin-EDTA (0.53 mM) was then added to the well plates to detach the cells. 2 mL of the complete media was then added to deactivate the trypsin.
The cells were centrifuged at 2500 rpm for 5 min, and the supernatant was removed. The cells were washed with PBS twice, and 400 µL of FACS buffer was added to the cells. The cells were resuspended in the FACS, and the cells were analyzed via flow cytometry.
Cellular uptake studies of COS-SMCC-GGRGDSK(F') in the presence of inhibitors
CCRF-CEM and SK-OV-3 cell lines were seeded in 6-well plates (1 × 10 7 cells/well) in serum-free RPMI medium. 6-Well plates were used to seed the cells to perform the mechanistic investigations.
Multiple endocytic inhibitors, such as chlorpromazine (30 μM), methyl-β-cyclodextrin (2.5 mM), and chloroquine (100 μM), were incubated with the cells for 40 min before the incubation with COS-SMCC-GGRGDSK(F'). Then, the fluorescein-labeled polymer was added to the wells containing cells, and the concentrations of inhibitors were maintained during the incubation time 3 h at 37 °C. To induce ATP depletion, the cells were preicubated with 0.5% of 150 mM sodium azide in opti-MEM prior to the addition of the copolymer followed by 3 h incubation. Similar FACS protocol was performed to measure the uptake of the polymer. The peptide sequence (HS-(CH2)2CONH-GGRGDSK-CONH2) was assembled on rink amide resin according to the Fmoc/tBu solid phase peptide chemistry, following our protocol of peptide synthesis described by Mandal et al. [1] . HBTU, and 0.4 M NMM were used as coupling, and activating agents for the amino acids coupling in the peptide synthesis, followed by cleavage from resin to afford crude product which was purified by using preparative reversed-phase HPLC. The structures of the compounds was confirmed by high-resolution MALDI-TOF/TOF MS, which showed the peak at 762 Da, corresponding to [M + H] + . The peptide sequence was designed to have a lysine moiety at the C-terminal to provide a free NH2 group at its side chain to be used for the conjugation with 5(6)-carboxyfluorescein N-hydroxysuccinimide ester dye (FAM) for studying the cellular uptake of chitosan conjugated RGD peptide. Fluorescence-peptide was prepared in solution phase using DIPEA as a base for coupling, and the completion of the reaction was confirmed by MALDI mass, which showed a typical peak at 1121 Da corresponds to [M + H] + . Meanwhile, two glycine moieties were added at the N-terminal acting as a spacer between the polymer and the integrin recognition sequence (RGD) of the peptide. We have added thiopropoinic acid as a source for the free sulfhydryl group of the peptide chain, allowing its conjugation to the maleimide arm of the crosslinking reagent (Schemes 1 and 2) .
Results and Discussion
Coupling of chitosan oligosaccharide to sulfo-SMCC linker and GGRGDSK peptide
The strategy involved first amide bond formation between the primary NH2 group of COS and the reactive succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC) crosslinking spacer (8.3 Å) at pH 7.5 which was followed by coupling with the peptide HS-(CH2)2CONH-GGRGDSK-CONH2 or HS-(CH2)2CONH-GGRGDSK(F`)-CONH2, through the formation of stable thioether bond (Scheme 3). The water-soluble chitosan oligosaccharide (COS) was modified by immobilization of (GGRGDSK) as an integrin-targeting peptide motif. The copolymers structure and morphology were characterized by FT-IR, 1 H-NMR, 13 C-NMR, and SEM. To the best of our knowledge, this is the first report for conjugation of RGD peptide to COS using sulfo-SMCC cross linker and evaluation of its efficacy as a molecular transporter by a panel of epithelial cancer cell lines. According to the literature, the RGD peptide motif was immobilized directly without spacer on the chitosan backbone through amide linkage between the carboxylic group of carboxymethyl chitosan and the N-terminal amino of the peptide [28] , or through the derivatization of chitosan high molecular weight with 2-iminothiolane linker, and subsequent disulfide bridge formation between the peptide and chitosan [29] Fig. 2a . The spectra analysis for 13 177.03 ppm that are assigned to 10 different amide carbonyls in COS-SMCC-GGRGDSK system [5, 32, 34] , Fig. 2b. 
Morphology characterization by scanning electron microscopy SEM
The effect of the immobilization process on the morphology of COS was also investigated by SEM technique, where the cross-section SEM images of COS (a), COS-SMCC (b), COS-GGRGDSK (c), indicated highly interconnected morphological structure. Since the morphology changed from granulated to a fibrous cross-linked polymer having pores between the polymer chains, Fig. 3 .
Biology
Cytotoxicity assay of COS-SMCC-GGRGDSK
The cytotoxicity of COS-SMCC-GGRGDSK peptides was evaluated in non-adherent human leukemia cell line (CCRF-CEM) at different concentrations (0.5, 1, and 2 mg/mL) using MTS assay after 24 h incubation, Fig. 4 . COS-SMCC-GGRGDSK did not show significant toxicity at 0.5 and 1.0 mg/mL. Meanwhile, the cell viability was reduced by 20% at 2 mg/mL polymer concentration. Therefore, the copolymer concentration of 1 mg/mL was used as a safe delivery system in our further studies.
The cellular uptake of FAM hydrophobic dye
COS-SMCC-GGRGDSK was used to translocate 5(6)-carboxyfluorescein (FAM or F') as a hydrophobic cargo in both SK-OV-3 as adherent cancer cell line, and CCRF-CEM as nonadherent cancer cell line by using the flow cytometry method. The fluorescein-labeled copolymer was compared for its cellular uptake efficiency versus free FAM, which used in this study as a negative control. The results showed that the unconjugated FAM had very limited cellular uptake when it was incubated with both SK-OV-3 and CCRF-CEM cells. While the fluorescence intensity was greatly enhanced by more than 10 folds in case of FAM-labeled copolymer compared to free FAM in both cell lines, as shown in Fig. 5 .
Cellular uptake mechanistic study of COS-SMCC-GGRGDSK(F`)
Endocytosis is one of the major mechanisms of cargoes cellular uptake. Micropinocytosis, phagocytosis, and receptor-mediated endocytosis, which contain clathrin-mediated pathways, are the most known endocytosis pathways [35] . Studying the mechanism of COS-SMCC-GGRGDSK cellular uptake helps to get a better understanding and improving the efficiency of that delivery system.
As it is shown in fig. 6 , the cellular uptake by CCRF-CEM and SKOV-3 for COS-GGRGDSK(F') was not inhibited by the endocytic inhibitor methyl-β-cyclodextrin, which acts to remove cholesterol out of the cell membrane, and interferes with the fluid phase; meaning that micropinocytosis and phagocytosis pathways are not responsible in the endocytosis process. The presence of chloroquine did not affect the polymer cellular uptake in case of CCRF-CEM, but the uptake was enhanced by 1.5 fold in SK-OV-3 cells. Chloroquine reduces the pH in endosomes. As a result, it blocks the endosomal fusion keeping the molecular cargos inside the endosome.
Chlorpromazine reduced the uptake in CCRF cell lines by 2.5 folds while its effect was negligible in SK-OV cells. Chlorpromazine is a cationic endocytic inhibitor that acts by inhibiting the formation of the clathrin-coated pit by the reversible translocation with the cell membrane receptor, therefore, inhibits the clathrin-mediated pathway in CCRF-CEM but not in SK-OV-3 [36] . On the other hand, the uptake was proved to be energy dependent in both cell lines since its rate was diminished by the addition of NaN3, which act to block the ATP production by oxidative phosphorylation. Also, the reduction of incubation temperature from 37 o C to 4 °C reduced dramatically the copolymer cellular uptake by 50%. These data suggested that the ATP depletion, the decrease in incubation temperature, and the type of cell line are the parameters that affect the rate of internalization of for COS-GGRGDSK(F').
3.4.4. Cellular uptake study of fluorescent-labeled phosphopeptide F′-G(pY)EEI Phosphopeptides have been used as reagent probes to mimic phosphoproteins involved in signal transduction. They are valuable reagent probes for studying the protein-protein and proteinligand interactions, determination of substrate specificity of phosphatases, and identification of phosphotyrosine binding domains (PTB) [37] . The cellular uptake of phosphopeptides is very limited due to the negatively charged phosphate groups, and their hydrophobic nature. Therefore, several strategies have been employed to promote their transportation into the cell cytoplasm. We investigated the potential application of COS-SMCC-GGRGDSK in translocating the fluoresceinlabeled phosphopeptide namely F-G(pY)EEI, fig. 7a as a representative example of negatively charged cargo. FACS analysis, showed that loading of F′-G(pY)EEI [38] , with COS-SMCC-GGRGDSK versus F-G(pY)EEI alone in a physical mixture helped to translocate the phosphopeptide into the cell cytoplasm and improved its cellular uptake by 18 times in CCRF-CEM cells at polymer concentration of 1 mg/mL, and increased the uptake to 24 fold by doubling the concentration, Fig.7b .
These data suggest that the electrostatic interactions between the positively charged amino group of chitosan and the negatively charged phosphate group of phosphopeptide are the main driving force for improving the cellular uptake of the phosphopeptide that was dependent on the polymer concentration.
3.4.5. Preparation and characterization of COS, COS-GGRGDSK NPs, and drug loading COS nanoparticles were prepared by ionic gelation method where a solution of TPP was added to the polymer solution under magnetic stirring. The aggregation of the polymer into nanoparticles was due to the ionic electrostatic interactions between the polymer positively charged NH2 groups and the negatively charged phosphate groups of TPP that eventually led to the reduction of aqueous solubility of the polymer. Since the ratio between COS and TPP affects the NPs size and zeta potential. Therefore, the effect of polymer/TPP ratio on the NPs size was studied by fixing the polymer weight (3 mg/ mL) and changing the weight of TPP (1, 1.5, and 2 mg/mL) in order to find the optimum ratio that results in NPs with small average size, and proper positive zeta potential ( Table 1) . The NPs size and the positive value of zeta potential decreased by increasing the polymer/TPP ratio. The ratio of 1:2 resulted in smaller sizes (187.3 and 250.7 nm) but those NPs had a lower positive zeta potential (13.2 and 15.9 mV) compared to the NPs produced by 1:1.5 ratio that had (209 and 301 nm) and had a zeta potential of (14.6 and 16.4 mV). The increased potential in case of COS functionalized RGD could be attributed to the contribution of the positive charges from lysine and arginine amino acids on the peptide chain attached to the polymer. Thus, we selected the polymer/TPP ratio of 1:1.5 w/w as the optimum one to be used for loading the anticancer agents ACIN and AMIN, Fig. 8 . ACIN and AMIN showed a promising antiproliferative activity on a panel of cancer cell lines including SK-OV-3, MCF-7, and Hela [39] so we used them as drug templates.The drug-loaded nanoparticles exhibited relatively larger particle size and higher positive zeta potential values. The higher zeta potential was because the drug itself carry free amino group that contributes to the positive zeta potential of the NPs that carry the drug. The drug loading efficacy was calculated based on the amount of recovered from the drug after loading ( Table 2) 
Conclusions
We have successfully immobilized RGD containing peptide motif on the surface of chitosan via a (sulfo-SMCC) linker, with structure characterization. The new delivery system showed negligible cytotoxic profile. COS-GGRGDSK successfully translocated a number of biologically active cell impermeable cargoes. The results suggest that COS-modified GGRGDSK is a promising delivery system that can be used for the delivery of molecular probes, such as the cell impermeable phosphopeptide and FAM dye to the cancer cells. The cellular uptake study for the copolymer proved to be partially endocytosis and energy dependent. Ionic gelation method was used to formulate nanoparticles using different weight ratios of the copolymer to TPP. The improved cytotoxicity of ACIN and AMIN efficacy by their loading with COS-GGRGDSK NPs provide insights to investigate further their in vivo efficacy against the prostate and leukemia cancer models.
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